A previous study showed that miR-221/222 can regulate cell apoptosis. p53 is a well known tumor suppressor which can influence the chemosensitivity of glioma cells. However, the effect of miR-221/222 in gliomas with different p53 status is unknown. Here, we demostrate that knockdown of miR-221/222 increases apoptosis in human gliomas of different p53 types (U251 cells, p53 mutant-type; LN308 cells, p53 null-type; and U87 cells, p53 wild-type). Furthermore, the effect of miR-221/22 caused no change of p53 expression in the glioma cells studied. In addition, when a specific siRNA against p53 was employed in U87 cells, no attenuation of apoptosis was found after knockdown of miR-221/222. Importantly, we found that As-miR-221/222-treated cells increased expression of Bax, cytochrome c, Apaf-1 and cleaved-caspase-3. Our results showed that low expression of miR-221/222 sensitized glioma cells to temozolomide (TMZ); in addition, ectopic expression of PUMA by pcDNA-PUMA had a similar effect. Taken together, our study indicates that downregulated miR-221/222 can sensitize glioma cells to TMZ by regulating apoptosis independently of p53 status.
Introduction
Glioblastoma, the most aggressive type of tumor arising in the central nervous system (CNS), is considered to be one of the deadliest of human cancers. Despite the advances in surgery, radiation therapy, and chemotherapy, the 1-year overall survival rate is less than 30%, and the median survival time of patients with high-grade glioma is only approximately 15 months (1, 2) . To develop more optimized and effective treatment strategies for glioblastomas, it is critical to gain deeper understanding of the molecular mechanisms underlying gliomagenesis and to identify targets for therapeutic intervention (3, 4) .
MicroRNAs are small regulatory RNA molecules that in recent years have been identified in the progression of various cancers and proposed as novel targets for anticancer therapies (5, 6) . By negatively regulating their mRNA targets to either degradation or translational repression, they can act as both tumor suppressors and oncogenes (7) . Recent studies showed frequent deregulation of miR-221/222 in glioblastoma and astrocytoma cell lines (8) . Overexpression of miR-221/222 increased glioma cell proliferation and invasion in vitro and induced glioma growth in a subcutaneous mouse model (9) . In addition, blockade of miR-221/222 cluster suppressed human glioma cell growth, suggesting the cosuppression of miR-221/222 cluster might be a potential therapeutic strategy in glioma (10) . Our previous study demostrated that miR-221/222 can directly target PUMA inducing apoptosis (11) . p53, an upstream gene of PUMA, is a well known tumor-suppressor. However, the role of miR-221/222 in glioma of different p53 status is not well elucidated.
In this study, we identified the involvement of miR-221/-222 in mediating apoptosis in glioma regardless of p53 status. Furthermore, we confirmed that low expression of miR-221/222 sensitizes glioma cells to the alkylating agent TMZ partly due to upregulation of PUMA. 
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Materials and methods
Cell culture and treatment. Human glioblastoma cells (LN308, U251 and U87) were obtained from the China Academia Sinica Cell Repository, Shanghai, China. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (Gibco), 2 mM glutamine (Sigma), 100 µg/ml penicillin (Sigma), and 100 µg/ml streptomycin (Sigma), and incubated at 37˚C with 5% CO 2 . Cell transfection were used Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. TMZ was purchased from Sigma, and was dissolved in DMSO.
Plasmids production and oligonucleotides. The pGL3-WT-PUMA-3'UTR-Luc reporter was created by ligation of PCR products of 3'UTR of PUMA into the XbaI site of the pGL3 control vector (Promega, USA). The primers for PCR amplification are: PUMA-3'UTR forward: 5'-TCA TGA ATTC GCC CCT CCC ACC TCC TGA CAC CCT GGC CAG CGC GGG GGA CTT TCT CTG C-3' and PUMA-3'UTR reverse: 5'-CGC CCC CGG GAC AGG CAG GGC TGG GAG TCC AGT ATG CTA CAT GGT GCA GAG AAA GTC CC-3'. The pGL3-MUT-PUMA-3'UTR-Luc reporter was generated from pGL3-WT-PUMA-3'TR-Luc reporter by deleting the binding site for miR-221/222. HA-tagged wild-type PU MA in pCDNA3 was obtained from Volgelstein (12) . The 2'-OMe-oligonucleotides were chemically synthesized and purified by GenePharma Co., Ltd.
(Shanghai, China). The sequences are: 2'-OMe-As-miR-221 (As-miR-221), 5'-AGCUACAUUGUCUGCUGGGUUUC-3'; 2'-OMe-As-miR-222 (As-miR-222), 5'-AGCUACAUCUG GCUACUGGGU-3'. Scrambled RNA and p53 siRNA were purchased from GenePharma Co., Ltd. The p53 siRNA sequences are: sense 5'-GACUCCAGUGGUAAUCUACTT-3' , antisense 5'-GUAGAUUACCACUGGAGUCTT-3'.
RNA extraction and RT real-time PCR analysis. Total RNA was extracted using TRIzol (Invitrogen), according to the manufacturer's instructions. After a sufficient amount of cDNA was obtained, PCR amplification was performed using a real-time PCR cycler (7500 ABI, USA). Expressions of mature miR-221/222 was quantified by miR-qRT PCR using Hairpin-it™ miRNA qPCR Quantitation Kit 313 (GenePharma Co., Ltd). The level of miRNA expression was measured using Ct (threshold cycle). The ΔΔCt method for relative quantitation of gene expression was used to determine miRNA expression levels. The ΔCt was calculated by subtracting the Ct of U6 RNA from the Ct of the miRNA of interest. The ΔΔCt was calculated by subtracting the ΔCt of the reference sample from the ΔCt of each sample. Fold change was generated using the equation 2 -ΔΔCt . The Taqman MicroRNA Assays for U6 RNA (RNU6B, P/N: 4373381; Applied Biosystems) was used to normalize the relative abundance of miRNA. The results of real-time PCR were presented as the ratio between the selected genes and U6 transcripts.
Western blot analysis and luciferase reporter assay. LN308, U251 and U87 cells were lysed in 1% Nonidet P-40 lysis buffer after transfection. Homogenates were clarified by centrifugation at 20,000 x g for 15 min at 4˚C, and protein concentration was measured by the Lowry method. SDS-PAGE was performed on 40 µg of protein from each sample, gels were transferred to PVDF membranes (Millipore, USA) and incubated with primary antibodies against p53, PUMA, Bax, Bcl-2, cytochrome c, Apaf-1, caspase-3 and cleaved caspase-3 (1:1000 dilution, Santa Cruz, USA), followed by incubation with an HRP-conjugated secondary antibody (1:1000 dilution, Zymed, San Diego, CA). After washing with stripping buffer, the membrane was reprobed with antibody against GAPDH. For reporter assay, cells were cultured in 96-well plates and transfected with pGL3-PUMA-3'UTR-Luc or pGL3-PUMAmutant-3'UTR-Luc, and As-miR-221 and/or As-miR-221. Following 48-h incubation, luciferase activity was measured using a dual-luciferase reporter system (Promega). Each transfection was repeated twice in triplicate.
Apoptosis. Forty-eight hours after transfection, apoptosis in cultured cells was evaluated with Annexin V labeling and caspase-3/7 activity. For the Annexin V assay, an Annexin V-FITC labeled Apoptosis Detection Kit (Abcam) was used according to the manufacturer's protocol. Caspase-3/7 activity was measured using caspase-Glo 3/7 reagent (Promega).
Statistical analysis.
Statistical evaluation for data analysis was determined by t-test. Differences with P<0.05 were considered statistically significant.
Results
Downregulation of miR-221/222 increases apoptosis.
To explore the role of miR-221/222 in apoptosis, we used a loss-of-function antisense approach. As-miR-221/222 oligonucleotides were used to knock down miR-221/222 expression in different p53 status of glioma (U251 cells, p53 mutant-type; LN308 cells, p53 null-type; and U87 cells, p53 wild-type). RT real-time PCR results determined that the relative expression level of miR-221/222 in As-miR-221/222 treated U251, LN308 and U87 cells were successfully reduced compared with their control cells, respectively (Fig. 1A) . Furthermore, Annexin V labeling revealed that knockdown of miR-221 and miR-222 significantly increased cell apoptosis compared to the cells treated with scramble oligonucleotide (Fig. 1B) . As anticipated, caspase-3/7 activity was also considerably elevated in miR-221 and miR-222 knocked down cells (Fig. 1C) . Moreover, Western blot assay displayed that pro-apoptotic protein PUMA expression was significantly upregulated while p53 expression was unchanged (Fig. 1D ). These findings indicated that knockdown of miR-221/222 play an important role in initiation of apoptosis in glioma cell lines.
Downregulation of miR-221/222 mediated apoptosis independent of p53.
Next, we chose a p53 wild-type U87 cell line treated by p53 siRNA to detect whether they induced apoptosis by AS-miR-221/222. The mRNA and protein levels of p53 were successfully knocked down by p53 siRNA ( Fig. 2A  and B ). After transfection, Annexin V labeling revealed that knockdown of miR-221/222 significantly increased cell apoptosis (Fig. 2C) . Alternatively, caspase-3/7 activity was also considerably elevated (Fig. 2D) . In additon, Western blot assay displayed that PUMA expression was significantly upregulated while the expression of p53 was unchanged in As-miR-221/222 group (Fig. 2B) . Combined with previous results, we concluded that downregulation of miR-221/222 increased PUMA mediated apoptosis independent of p53 status.
MiR-221/222 regulates the mitochondrial apoptosis pathway.
To further analyze the mechanism of apoptosis mediated by miR-221/222, Western blot analysis showed low expression of miR-221/222 increased the expression of Bax, cytochrome c, Apaf-1 and cleaved-caspase-3 and decreased the expression of Bcl-2 in all groups (Fig. 3) . Thus, our data indicated that apoptosis induced by As-miR-221/222 was activated in the mitochondrial apoptosis pathway.
PUMA is the target of miR-221/222. Using Pictar, we found 3'UTR of PUMA containing highly conserved putative miR-221 and miR-222 binding sites. To examine whether there is a direct regulation of PUMA mRNA by miR-221/-222, we cloned the 3'UTR region downstream of the luciferase open reading frame, and used this reporter construct to transfect (Fig. 4A) , indicating that miR-221/222 can modulate gene expression directly at PUMA 3'UTR. Fig. 4B) were depressed with miR-221/222 inhibitor. The AS-miR-221/222-induced potentiation of the effects of TMZ were recognized at a lower concentration 
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than that needed to induce cytotoxicity with AS-miR-221/222 alone, and was more remarkable in the U251 cells than in the LN308 and U87 cells. The combination index values at IC 50 for LN308, U251 and U87 treated with TMZ in combination with AS-miR-221/222 were 13.1, 7.5 and 13.6 µM, respectively. Next, we evaluated whether expression of PUMA can increase the cytotoxicity of TMZ as well as downregulation of miR-221/222. After transfected by pcDNA-PUMA, the expression of PUMA was significantly increased in the glioma cells (Fig. 4C) . Furthermore, we found that PUMA induced potentiation of the effects of TMZ (Fig. 4D) . Accordingly, low expression of miR-221/222 increases TMZ-induced cytotoxicity in part by the direct post-transcriptional upregulation of PUMA.
To delineate the sensitization of AS-miR-221/222 to TMZ in glioma, we used Annexin V and caspase-3/7 activity. The results demostrated that combined treatment with AS-miR-221/222 and TMZ remarkably increased the number of Annexin V-positive and PI-negative cells (Fig. 5A) . Alternatively, the caspase-3/7 activity showed similar results (Fig. 5B) . Moreover, Western blot assay displayed that pro-apoptotic protein PUMA expression was significantly upregulated while Bcl-2 was down-regulated in combination group compared with other groups (Fig. 5C) .
Discussion
In the past few years, plenty of articles have been published describing a link between several forms of human cancer and the expression of microRNAs (13) . Here, we focused on a pair of microRNAs, miR-221 and miR-222, both of which cluster on chromosome Xp11.3 and have the same targets (14) . Functional studies indicated a connection of miR-221/222 with cell cycle progression (15) by targeting p27 and p57 (16) . Recently, Zhang et al demonstrated that miR-221/222 have an important role in the regulation of cell apoptosis by direct targeting of the pro-apoptotic molecule PUMA (11) . PUMA is located upstream of p53 that plays a role in several cellular processes, including the cell cycle, response of cells to DNA damage, cell death, and cell differentiation. The study of Zhang et al did not refer to whether miR-221/222 could induce apoptosis in different p53 status, because the glioma cell line U251 and LN229 they used were both p53 mutant. Since different p53 status can influence the chemosensitivity of astrocytic glioma cells, we chose three different p53 type glioma cell lines LN308 p53 null, U251 p53 mutant and U87 p53 wild-type. In each of them similar apoptosis could be induced with As-miR-221/222. Furthermore, with the employment of a specific siRNA construct against p53, no attenuation of apoptosis was found in p53 wild-type U87 cells after treatment by miR-221/222 inhibitor. In addition, Western blot assay showed As-miR-221/222 treated cells could increase the expression of Bax, cytochrome C, Apaf-1 and cleavedcaspase-3 and decrease the expression of the Bcl-2, which are pivotal components of the intrinsic apoptosis pathway. Thus, we conclude that downregulation of miR-221/222 increases apoptosis independent of p53 status.
PUMA, a pro-apoptotic protein belongs to the BH3-only subgroup of Bcl-2 family, which induces apoptosis when transactivated by p53, in response to genotoxic stresses such as (17) . PUMA can also initiate p53-independent apoptotic responses, when activated by other transcription factors in response to non-genotoxic stimuli, including growth factor/cytokine deprivation, endoplasmic reticulum (ER) stress and ischemia/reperfusion (18) . After exposure to genotoxic stress and non-genotoxic stimuli, the proapoptotic activity of PUMA requires its interactions with other Bcl-2 family members and mitochondria localization. Biochemical studies indicated that PUMA induced apoptosis by activating the multidomain proapoptotic protein Bax and/or Bak through its interaction with anti-apoptotic Bcl-2 family members, thereby triggering mitochondrial dysfunction and caspase activation. Ito et al demostrated that overexpression of PUMA can lead to caspase-3 activation regardless of p53 status in malignant glioma cells (19) . In our study, luciferase assay verified that PUMA is the direct target of miR-221/222 in LN308, U251 and U87 cells which is consistent with previous studies. Ectopic expression of PUMA induced potentiation of the effects of TMZ in glioma cells and was more apparent in U251 than LN308 and U87 cells.
So far, the most effective chemotherapeutic for GBM is the DNA alkylating agent TMZ. Stupp et al (1) observed in newly diagnosed cases that the addition of TMZ chemotherapy to radiotherapy (RT) significantly prolonged tumor control and patient survival. However, not all patients with GBM respond to this DNA methylating agent (20) . Blough et al delineated that traditional glioma cell lines that did not express a functional p53 were significantly more sensitive to TMZ than cell lines with functionally intact wild-type p53 expression. RNAi specific for p53 had little effect on sensitivity in p53 null glioma cells (21) . Thus, we examined whether low expression of miR-221/222 can sensitize the effects of TMZ in different p53 status glioma cells. We found that the proliferation of glioma cells treated with TMZ was significantly suppressed with the miR-221/222 inhibitor. The AS-miR-221/222-induced potentiation of the effects of TMZ was recognized at a lower concentration than that needed to induce cytotoxicity with AS-miR-221/222 alone. In addition, combination of AS-miR-221/222 with TMZ increased apoptosis in LN308, U251 and U87 cells as verified by Annexin assay and caspase-3/7 activity. Western blot analysis showed that the expression of PUMA was upregulated while Bcl-2 was downregulated in combination group. Accordingly, our study demostrated that low expression miR-221/222 can sensitize TMZ in glioma independent of p53 staus. Taken together, downregulation of miR-221/222 is a potential treatment for combining with TMZ.
In summary, our data demonstrated that downregulation of miR-221/222 induced apoptosis in different p53 type cell lines. PUMA is the direct target of miR-221/222. In addition, low expression of miR-221/222 can sensitize TMZ in glioma of different p53 status.
